and are defective in sensing nutrient levels and thus the proteasome mutants. Indeed, we found that overexpression of proteasome components weakly rescues mate even in rich medium (our unpublished results).
In this study, we show definitively that Yin6 binds to the TPCK hypersensitivity of yin6⌬ cells to various degrees ( Figure 1D ), as well as the TBZ resistance and and is a positive regulator of the proteasome in S. pombe. Proper proteasome functions require Yin6, and cold-sensitive growth defects (data not shown). Conversely, Yin6 overexpression rescues the growth defect in yin6⌬ cells, in which the proteasome is defective, polyubiquitinated proteins such as securin/Cut2 and of at least two proteasome mutants (see Figure 1E for the mts3/rpn12 mutant; the data for the pad1/rpn11 mucyclin/Cdc13 accumulate abnormally. In addition, we have discovered how Yin6 regulates the proteasome: tant are not shown). Consistent with the hypothesis that the Yin6-protealoss of Yin6 leads to mislocalization of a proteasome subunit, Rpn5 (Glickman et al., 1998; Saito et al., 1997), some interaction is important for chromosome segregation, we determined that yin6⌬ proteasome double mutants and improper assembly of the proteasome. Consistent with the hypothesis that Yin6 interacts with Ras1, we die of chromosome missegregation at the semipermissive temperature (an example involving the mts2/rpt2 mutant demonstrate that Ras1 also mediates proteasome functions and Rpn5 localization. Finally, we show that h-Int6 is illustrated in Figure 2A) . A substantial number of these double-mutant cells appear to be blocked in metaphase binds h-Rpn5, and that h-Int6, but not h-Int6⌬C, can substitute for Yin6 to restore Rpn5 localization in yeast.
with a single highly condensed nucleus and a short spindle (Յ 3 m), indicative of inefficient separation of sister These data support a model in which regulation of the proteasome via Rpn5 is a highly conserved function chromatids ( Figure 2B ). Together, these data support the hypothesis that Yin6 positively regulates proteaof the Int6 proteins. We propose that inactivation of mammalian Int6, either alone or together with RAS mutasome activity: Yin6 overexpression apparently strengthens it, while deletion of yin6 weakens it. tions, causes tumorigenesis by inhibiting proteasome functions, which leads to inefficient degradation of mitotic regulators and a disruption of growth control and Yin6 Associates with the Proteasome Complex genetic stability.
The proteasome is composed of catalytic and regulatory complexes, and the latter can be further separated into the lid and base subcomplexes .
Results
Since Yin6 regulates the proteasome, we investigated whether Yin6 associates with the whole proteasome.
Yin6 Positively Regulates the Proteasome
Affinity pull-down of proteasome subunits has been To determine whether Yin6 is important for proteasome demonstrated to be an effective method to isolate the activities, we first examined whether Yin6 inactivation proteasome (Glickman et al., 1998). To determine causes hypersensitivity to TPCK (tosylsulfonyl phenylawhether Yin6 can associate with the proteasome, we lanyl chloromethyl ketone) and canavanine, which are constructed a strain in which the endogenous Yin6 is known to inhibit the growth of mutants defective in ubitagged by the c-myc epitope, and endogenous Pus1/ quitin (Ub)-dependent proteolysis. TPCK and its related Rpn10, a base subunit, is tagged with protein A (ProA). compounds are protease inhibitors and have been As expected, components from the lid (Mts3/Rpn12), shown to inhibit cyclin B degradation in clam embryo the base (Mts2/Rpt2 and Mts4/Rpn1), and the catalytic extracts (Luca and Ruderman, 1989) and to retard core (the ␣ subunits) can be efficiently pulled down along growth of S. pombe Ub ligase mutants (Grishchuk et with Pus1/Rpn10 by the IgG beads ( Figure 3A) . Yin6, al., 1998). Canavanine is an arginine analog that can but not the negative control Cdc8, was also detected cause incomplete protein synthesis. The resulting abin the pull-down sample, demonstrating that Yin6 assonormal proteins must be removed by the proteasome; ciates with the proteasome in S. pombe. hence, S. pombe proteasome mutants are hypersensitive to canavanine . As shown in Figures 1A and 1B Figure 4A , yin6⌬ cells, like the tants carrying temperature-sensitive (ts) mutations in genes encoding regulatory subunits of the proteasome. proteasome mutant, clearly contain more polyubiquitinated proteins as detected by immunoblotting. The level We found that yin6⌬ exacerbates the growth defect of all available proteasome mutants except one, Rpn5, which of polyubiquitinated proteins can be further increased by canavanine treatment. To determine that the accuwill be discussed later (Supplemental Table S1 available at http://www.cell.com/cgi/content/full/112/2/207/DC1). mulation of these proteins is indeed caused by inefficient protein degradation, we examined total protein Some of these double mutants can barely form colonies, while the growth of other double mutants is severely degradation in cells by a pulse-chase method. Our data confirm that yin6⌬ cells are inefficient in protein degraretarded at semipermissive temperatures. A representative study involving Mts3/Rpn12 and Mts2/Rpt2 is illusdation ( Figure 4B ). The degradation of polyubiquitinated Cut2/securin trated in Figure 1C . Moreover, if Yin6 is crucial for the proteasome function, overexpression of proteasome and Cdc13/cyclin B by the proteasome is critical for proper separation of sister chromatids and anaphase components could rescue phenotypes of yin6⌬ cells and overexpression of Yin6 could rescue the growth defect of exit, both of which are defective in yin6⌬ cells (Yen and Chang, 2000; data not shown). It is possible that the expressed Cut2 and Cdc13 using the thiamine-repressible nmt1 promoter in both wild-type and yin6⌬ cells and growth defect of yin6⌬ cells is at least partly caused by inefficient degradation of Cut2 and Cdc13. We carried examined the ability of the cells to form colonies with and without thiamine. As shown in Figure 4E , overexout two lines of study to investigate this possibility.
First, we overexpressed a polyhistidine-tagged Ub in pression of Cut2 and Cdc13 is more toxic to yin6⌬ cells. To further understand how Yin6 regulates the proteasome, yeast two-hybrid screens were conducted using data show that the S phase-arrested yin6⌬ cells still contain high levels of Ub-Cut2 ( Figure 4D ). Second, we both an N-and a C-terminally truncated Yin6, Yin6⌬N, and Yin6⌬C (amino acid residues 220-501 and 1-327, postulated that if inefficient degradation of Cut2 and Cdc13 was responsible for the growth defect in yin6⌬ respectively), as baits. From both screens (see Experimental Procedures), we isolated a highly conserved procells, the growth of yin6⌬ cells would be more sensitive to Cut2 and Cdc13 overexpression. We therefore overtein, Rpn5, which is a PCI protein in the lid of the protea- pGSTYIN6 (expressing Myc-Rpn5, GST, or GST-Yin6, respectively). The glutathione beads were used for the pull-down. Both the lysate and the pull-down samples were analyzed by Western blots.
Rpn5 Acts Downstream of Yin6
To define the genetic relationship between Yin6 and Rpn5, an rpn5⌬ strain was constructed (Experimental Procedures). rpn5⌬ cells show a cold-dependent growth teasome mutations (Supplemental Table S1 available single-null mutants (Figures 5A and 5B ). These observations are consistent with the hypothesis that Yin6 and Unlike the double mutants carrying yin6⌬ and other pro-1D) of yin6⌬ cells, while Yin6 overexpression neither rescues nor worsens the growth defect of rpn5⌬ cells ( Figure 5D ). These genetic data collectively show that Yin6 is upstream of Rpn5 in proteasome regulation and raise the possibility that Yin6 can regulate Rpn5.
Yin6 Regulates Rpn5 Localization and Assembly in the Nucleus
In S. pombe, the proteasome is assembled in the inner nuclear membrane (Wilkinson et al., 1998) . Rpn5 was tagged with GFP to examine its localization. The resulting fusion protein fully rescued the phenotype of rpn5⌬ cells (data not shown), suggesting that GFP-Rpn5 is biologically functional. In further support of this, like other proteasome components, GFP-Rpn5 is localized in the nucleus and concentrated around the nuclear membrane in yin6 ϩ cells ( Figure 6A) ; in striking contrast, GFP-Rpn5 is largely cytoplasmic in yin6⌬ cells ( Figure  6A ). The apparent reduction of Rpn5 in the nucleus is not caused by global protein degradation since the total Rpn5 protein levels in wild-type and yin6⌬ cells are essentially the same ( Figure 6C ). By contrast, Yin6 localization and protein levels are not altered by rpn5⌬ (data not shown). As shown in Figures 1D and 5C , Rpn5 overexpression partially rescues the phenotypes of yin6⌬ cells. This result can be partly explained by the fact that nuclear Rpn5 levels in yin6⌬ cells are increased as Rpn5 expression is elevated ( Figure 6B ). To quantify how much Rpn5 is lost from the proteasome in yin6⌬ cells, we examined the contents of the proteasome in yin6⌬ cells by affinity pull-down. As shown in Figure 6C , more than 50% of the pulled-down proteasomes lack Rpn5. More important, nearly 50% of the isolated proteasomes also lack the catalytic ␣ subunits. These results demonstrate that Yin6 regulates Rpn5 nuclear localization and 
Ras1G17V rescues this defect of yin6⌬ cells. We asked
( Figures 7B and 7C) , and most remarkably, it also restores Rpn5 nuclear localization ( Figure 6A ). Moreover, whether Ras1 can modulate Yin6 interaction with the proteasome. Indeed, ras1⌬ worsens the canavanine ras1⌬ worsens the growth defect of proteasome mutants while Ras1G17V weakly rescues it (Supplemental ( Figure 7B ) and TPCK ( Figure 7C ) toxicity in yin6⌬ cells. Ras1G17V, in contrast, rescues these abnormalities Table S1 available ., 2002) . Interestingly, S. pombe cut8 encodes a homolog of the budding yeast Sts1, which intersumably to remove proteins that are improperly folded during translation (Verma et al., 2000) . Hence, the assoacts with Srp1. Hence, it is possible that nuclear import of proteasome subunits in fission yeast also involves ciation of Int6 with both the proteasome and eIF3 may simply be the result of an interaction between these two importin-␣ functions. Mammalian proteasomes appear to be both nuclear and cytoplasmic, with the cytocomplexes during translation. plasmic proteasome being transported into the nucleus (Reits et al., 1997) . In some cells, the ratio of cytoplasmic
The Roles of the Proteasome and Genetic versus nuclear proteasomes varies in a cell cycle depenInstability in Tumorigenesis dent manner ( 
